Photon impingement is capable of liberating electrons in semiconductors. When the electron transport is primarily governed by temperature gradients, high irreversibilities will result, thus lowering converters' efficiencies. A fundamental study in the absence of photovoltaics 1 has achieved the reduction of these irreversibilities by considering entropy changes due to electron flows. Here we present an unreported mechanism that integrates photovoltaic conversion and electron tunneling. Photon-excited electrons that occupy energy levels beyond windowed limits are first imprisoned inside the cathode, then given opportunities to rapidly re-thermalize, and eventually allowed to enter the tunnel. Energies wasted by both the irreversibility and the recombination are minimized with respect to the transmission energy and the transmission window that characterize the tunnel. Upon application of this mechanism to highconcentration solar cells, the proposed hybrid model outperforms others. It further provides a guide for elevating efficiencies in future photon-to-electron converters typified by third-generation photovoltaic systems.
For photovoltaic cells, the Shockley-Queisser limit [2] [3] [4] has long been recognized as the maximum theoretical efficiency.
Several approaches have attempted to combine the photovoltaic and solar thermal technology to overcome this limit.
For example, thermophotovoltaics [5] [6] [7] is a direct process converting thermal energy to electricity via photon transports. It maneuvers to create photon emissions in a narrow wavelength range that is optimized for specific photovoltaic converters. Photon-enhanced thermionic emission solar cells utilize large densities of electron transmissions, thus elevating the conversion efficiency 8, 9 . Their theoretical limits are capable of reaching 45% or higher at 1000-sun concentration 8, 10 . In the normal working condition, the model enjoys the merit of high temperatures, rendering it possible to jointly work with heat engines 11 and thermoelectric generators [12] [13] [14] . In the thermionic mechanism, all electrons possessing energy levels higher than the potential barrier are allowed to exit the cathode, resulting in excessive electrontransport-related entropy production of the cathode-andanode assembly. In addition, electrode plates are generally separated by a vacuum gap 15, 16 . Under high current densities, charge carriers may generate a spacecharging regime within the vacuum 17, 18 , conceiving nonuniformity of electron distributions, which constitute high-energy barriers retarding electron movements. Here we propose a hybrid converter that minimizes wasted energies due to the photovoltaic recombination and the electron-exchange irreversibility. The quantum tunneling confines electron flows within a windowed energy range such that this minimization is achieved. If we equate probability distribution functions (PDFs) of the cathode and the anode at the electron-occupied energy level, E * , the flow process is guaranteed to be reversible 19, 20 .
When large temperature differences exist, the peak and full width at half maximum of PDFs will differ appreciably. Regardless of such differences, these two distributive curves will intersect, yielding a unique E * value. For example, if T C =2000K, T A =300K, µ C /k B =1K, and µ A /k B =2K, we obtain E * /k B = 2.1765K, where T C and T A are cathode and anode temperatures; µ C and µ A cathode and anode chemical potentials; and k B the Boltzmann constant. This central idea lies in the optimization of the tunnel configuration to yield low irreversibilities. If the transmission window, ∆E, narrows, few electrons are allowed to travel through the tunnel. For unnecessarily wide ∆E, electron-occupied energy levels will deviate substantially from E * . If the transmission energy, E o , rises, the corresponding energy barrier will block electron flows. Conversely, at low E o values, a large number of overly hot electrons will reach the cold anode, thus increasing irreversibilities. Minimizing the radiative recombination and irreversibility, we manage to elevate the efficiency to 0.511 for 500-sun concentration.
The system schematic (Fig.1a) of a hybrid photovoltaic and electron-tunneling (HPET) converter consists of a solar concentrator, a photovoltaic cell, and a nanoscale vacuum-gap tunnel. The cathode and anode are fabricated with P-type boron-doped silicon and n-type silicon, respectively. They are separated by a vacuum-gapped tunnel, permitting electron tunneling upon the onset of a voltage bias. The system is operated in the steady state subject to negligible convective cooling. In reference to Fig.1 , the tunnel filters electron candidates. Only those whose energies, contributed by the streamwise-direction momenta, lie within the transmission window are allowed to enter the tunnel. The electrical current density flowing out of an electrode through the tunnel can be calculated by the Landauer equation
where
describes the distribution of electrons in the electrode at temperature T and chemical potential µ according to the Maxwell-Boltzmann statistics;
* if the dispersion relation is parabolic; k x , k y and k z wave vectors in a 3D space; m * the effective mass of electrons; υ(k x ) = k x /m * the velocity in the streamwise direction; and ζ(k x ) indicates the transmission probability of an electron traveling through the tunnel as a function of k x . Equation (1) written in the energy form can be derived as J = e/2π
22, 23]. The net current density, J net , of HPET converter is computed by the difference between the electrical current densities released by the cathode J C and the anode J A . Namely,
where, in non-degenerate semiconductors, E f,n = E f + k B T C ln(n/n eq ); n eq is the equilibrium electron concentration; and n is the conduction band population of photoexcited electrons. Terms, E f and n eq , are computed using charge neutrality in the semiconductor (Supplementary S-1). The geometry of the tunnel is designed such that E o and ∆E are included in the ζ(k x ) expression. This design is capable of minimizing energy losses caused by both the recombination in the cathode and the irreversibility during the electron transport.
We are now in the position to evaluate the performance of HPET converter under the concentrated sunlight by balancing electron generation, transport, and recombination in the cathode. Assumptions include: (1) cathode and anode plates are aligned in parallel, so that surface areas for the photon absorption, photon emission, and electron transmission are equal; (2) charge carriers' concentration and temperature are assumed to be uniform throughout the cathode; (3) the bottom of the cathode and the top of the anode are radiatively nonparticipating. Under the steady-state condition, the net rate of electrons flowing out of the cathode equals the difference between the rate of photon-electron-collision excitation (G) and that of photon-enhanced recombination, R, i.e.,
where L is the thickness of the cathode. The generation rate of electrons, G, is computed using G = λg 0 Φ(λ)dλ , where Φ(λ) is the spectral photon flux density and λ g is the wavelength corresponding to the bandgap energy E g of the semiconductor cathode. The concentrated AM1.5 direct circumsolar spectrum is used as the irradiance. The rate, R, can be expressed 24 as 2π/(Lh 3 c 2 )
, where n and p are concentrations of photoexcited electrons and holes (Supplementary S-2); hν the photon energy; and p eq the equilibrium hole carrier concentration. Mechanisms of the Surface recombination 25, 26 , Auger recombination 27,28 , and Shockley-Read-Hall recombination 29, 30 have been ignored herein.
The energy balance of the combined cathode and solar absorber is given by
where Q net is the net heat flux (W/m 2 ) exiting the cathode; P sa the radiation emitted from solar-absorbing material; P rad the equilibrium radiative recombination energy flux; P n,rad the photon-enhanced radiative recombination energy flux (Supplementary S-3); and P sun the total power of the solar flux. Finally, the performance efficiency for the system is defined as η = J net V /P sun .
(5) Figure 2 shows performances of the proposed system. Let us first examine the condition for small values of voltage V . Reverse current densities, J A , from the anode to the cathode are suppressed because few electrons are capable of overcoming the energy barrier. Based on numerical simulations, we observe that J C remains independent of V , resulting in the constancy of J net (Fig. 2a) . In the regime of large voltages, J A increases abruptly, thus leading to a drastic drop in J net . In the vicinity of short circuit, J net increases as the transmission window, ∆E, increases, because more electrons are capable of flowing through the tunnel as the transmission window widens. Conversely, open-circuit voltages decrease as ∆E increases. Next, optimal efficiencies are observed to prevail (Fig. 2b) for various V and ∆E. When ∆E is small, electrons are crowded in the cathode, resulting in an increase of the radiative recombination and a decrease of thermal energy carried by electrons leaving from the cathode to the anode. In Fig. 2c , η increases as ∆E increases in the small-∆E regime (∆E < ∆E m ), but it decreases as ∆E increases in the large-∆E regime, where ∆E m is the transmission window at the maximum efficiency. In the former, a surge of transporting electron results in a drop of radiative recombination. In the latter, the irreversibility significantly increases as ∆E increases. This increase rate exceeds the recombination rate, such that η decreases after reaching its maximum. Figure 2d depicts the optimization of η at bandgap energy, E g = 1.1696eV . As seen in the figure, η qualitatively peaks at E o = 2.1eV . In the small-E o regime, as E o increases, a great number of electrons are trapped in the cathode, resulting in both low Q net and high voltage, equivalently low irreversibilities. In the large-E o regime, as E o increases, by the same reason of a great number of electrons being trapped in the cathode, radiative recombination increases. It can be concluded that the sum of energies wasted by the irreversibility and the recombination is minimized with respect to the transmission energy and transmission window, i.e.,
yielding optimal performance. tors. By taking into account the closeness between PDFs in both electrodes, the irreversibility tends to decrease, yielding high efficiencies. Also shown is the dashed curve obtained by thermionic models 8 . Efficiencies herein are depicted to be higher than those obtained by adopting the thermionic model with the solar-flux concentration, C = 1000, for E g < 1.5eV . Only for E g > 1.5eV , η of the proposed model with C = 500 appears comparable with that of thermionic with C = 1000. In general, as the concentration increases, η increases monotonically. Finally, in Fig.4 , to examine the applicability of the proposed model to various shapes of the transmission window, we replace the ideal rectangle with a Gaussian distribution described as ζ(k x ) = exp[−(E x − E o ) 2 /w], where E o is the energy level of the peak and w is the width-like parameter (Fig. 4a) . In comparison with the ideal rectangular window, now electrons carry energies that deviate farther from E o , resulting in higher irreversibilities. Overall, efficiencies (Fig. 4b ) are similar to, but slightly lower than, those shown in Fig. 3 .
